Abstract: Municipalities with limited budgets will have to rehabilitate their stock of deteriorated water mains in the coming decades. Optimization and asset management offer municipalities the opportunity to plan the rehabilitation of their water mains in a more rational manner. The aim of this paper is to develop a new event-based approach to optimize the timing of water main rehabilitation. The approach incorporates a new gene-coding scheme and covers the full range of decisions about pipe replacement, duplication, lining, new pipe installation, and asset management strategies (infrastructure adjacency and quantity discounts applied to the installed pipe). The new approach is applied to the Fairfield water network, and results suggest that applying a budget constraint prohibits early investment in pipe rehabilitation with a resulting increase in leakage, pipe breaks, and energy costs. Applying pipe discounts decreases capital and operation costs and favors pipe lining over pipe replacement and duplication in the Fairfield network. A sensitivity analysis suggests that uncertainties in demand, leakage, and break growth rate have a moderate to significant impact on capital and operation costs.
Introduction
Most water distribution systems in North America have deteriorated water mains in need of rehabilitation. An estimated $325 billion is needed to rehabilitate drinking water systems in the United States (Deb et al. 2002a ) to maintain current service levels. A Canadian study has indicated that $11.5 billion should be spent over the next 15 years to upgrade municipal water distribution systems [Canadian Water and Wastewater Association (CWWA) 1997] . Deteriorated pipes often undergo an increase in pipe wall roughness, a reduction in hydraulic capacity, and an increase in leakage. In North America, water distribution systems have an average rate of water loss of 20-30%, which may include nonrevenue losses (meter underregistration, theft, fire-fighting) (Brothers 2001 ). An increase in leakage and pipe wall roughness is often the cause of higher energy costs in water distribution networks. Municipalities are faced with the prospect of rehabilitating and replacing a large stock of deteriorated water main assets with capital budgets that are increasingly stretched to their limit. Because of this, municipalities are increasingly using optimization and asset management strategies to plan the rehabilitation of their water mains in a more focused and rational manner.
The optimal scheduling of water main rehabilitation has been a research focus for more than 30 years. Early research by Shamir and Howard (1979) and Walski and Pelliccia (1982) focused on developing models to replace a single pipe on the basis of its break repair cost forecasted with a linear or exponential pipe break model. Later studies by Day (1982) , Woodburn et al. (1987) , Lansey and Mays (1989) , Kim and Mays (1994) , Arulraj and Suresh (1995) , and Schneiter et al. (1996) considered pipe breaks and repair cost for multiple pipes in a network to arrive at an optimal rehabilitation solution. These optimization models were developed with the assumption that an individual pipe should be replaced strictly if its maintenance cost (e.g., break repair cost) is greater than the replacement cost (Nafi and Kleiner 2010; Kleiner and Nafi 2011) . Replacing an individual pipe on the basis of maintenance and replacement costs alone cannot guarantee that the final solution will be optimal. Kleiner et al. (1998) proposed a new optimization framework that made use of the exponential pipe break model in which break rate was modeled deterministically as a function of age. In their approach, both network economics and hydraulic capacity were analyzed simultaneously over a predefined time horizon. With the exception of the Kleiner et al. (1998) study, previous approaches had not considered the wider hydraulics and energy cost impacts of replacing a pipe or group of pipes.
The optimal scheduling of water main rehabilitation has been addressed in the literature mainly by focusing only on pipe replacement, and in some rare cases, pipe lining. This has been done mostly to simplify what is a complex optimization problem. For instance, Dandy and Engelhardt (2001) and Alvisi and Franchini (2006) only considered pipe replacement in the rehabilitation activities because of the high cost of lining, whereas Schneiter et al. (1996) and Kleiner et al. (1998) considered both pipe replacement and lining in their optimization models. In reality, utility managers select among a wider decision domain that includes pipe duplication, pipe replacement, a set of pipe lining technologies (e.g., cementmortar lining and cured-in-place liners), and installing new pipes in areas slated for new growth. Eliminating decision options to simplify the problem sacrifices the practicality of the approach.
Only recently have budgetary and asset management considerations been included in the optimal scheduling of water main rehabilitation. Lansey et al. (1992) were the first to include a budgetary constraint in the water main rehabilitation scheduling optimization 1 problem. Later, Dandy and Engelhardt (2001) also considered a budget constraint in their single-objective optimization approach to solve the water main rehabilitation scheduling problem. Nafi and Kleiner (2010) were the first researchers to consider price discounts in an optimization algorithm that account for the adjacency of road infrastructure to newly installed pipes and for the quantity of purchased pipe for installation. Their multiobjective optimization model applied these discounts to minimize pipe replacement and break repair costs and maximize the use of an annual available budget. Creaco et al. (2013) developed an optimization algorithm that considers the phasing of water main and network upgrades to satisfy increasing future demands.
There have also been attempts in previous studies to reduce the complexity of the rehabilitation problem by grouping pipes that share common properties (e.g., diameter, material, and age) together and assigning a single replacement time to all the pipes in a particular group (Burn et al. 2003; Moglia et al. 2006) . The aggregation of pipes with similar properties into groups and the assignment of a single replacement time to a group rather than to an individual pipe greatly reduces the complexity and the computational requirements of the water main rehabilitation problem. However, in practical terms, not all pipes assigned to a group share the same properties, and thus assigning a single replacement time to all pipes in a group will mean that the replacement time will not be optimal for all pipes in the group.
The paper presents a new event-based multiobjective optimization algorithm that determines the optimal allocation of financial resources and the optimal scheduling of water main rehabilitation in water distribution networks. The model can characterize the hydraulic and cost performance of the unique rehabilitation schedules assigned to each pipe by simulating breaks, leakage, pipe roughness growth, and hydraulic conditions in the network. Unlike previous models, the optimization model presented in this paper selects among the fullest range of rehabilitation and/or replacement options that include the replacement of existing pipes with new pipes, the lining of existing pipes, the duplication of existing pipes while making it possible to apply the fullest range of rehabilitation options to the primary pipe, and the installation of new pipes in new growth areas. The new optimization model accounts for annual capital and operating budgets and incorporates realistic asset management strategies. The event-based model also incorporates a novel, sparse gene-coding scheme with small computational and memory requirements that assigns a unique sequence of rehabilitation events (rehabilitation time and type) to each individual pipe independently of all other pipes in the network. This is in contrast to previous models, in which a limited number of rehabilitation schedules are applied to all pipes in an a priori manner.
The optimal water main rehabilitation scheduling problem is a two-stage process. In the first stage, pipes that require rehabilitation are identified. In the second stage, detailed design of water mains slated for rehabilitation is undertaken and must account for factors such as project size, infrastructure adjacency, pavement type, and isolation valve location. The new optimization method attempts to fully address the first stage and to partly address the second stage of the rehabilitation problem. In the first stage, the new optimization method identifies what water mains should be rehabilitated, in what locations, and when they should be rehabilitated. In the second stage, the new method considers some of the detailed design factors involved in water main rehabilitation (e.g., infrastructure adjacency and size of the project), but at a more granular scale that is appropriate in a planning-level tool.
The paper is organized as follows. First, the rehabilitation optimization problem is mathematically defined. Second, the Fairfield case study is described. Third, the new algorithm is used to optimize the timing of water main rehabilitation and replacement in the Fairfield system under four asset management scenarios. Fourth, a sensitivity analysis is performed to determine the sensitivity of capital and operational costs to variations in uncertain parameters such as water demand, leakage, and pipe roughness.
Problem Definition
The multiobjective optimization problem seeks to find the optimal timing of water main rehabilitation and replacement that minimizes the present value of capital and operational costs of the network as detailed in the objective functions (1)-(2). A fast-elitist nondominated sorting genetic algorithm (NSGA-II) by Deb et al. (2002b) was used to search the large decision space efficiently and minimize two objectives
where CC = capital cost; OC = operational cost; PV = present value of the costs; DR = discount rate; t = time in years; T = planning horizon of the project; p = pipe number; np = maximum pipe number; RC t;p = replacement cost for the pth pipe in the tth year; DC t;p = pipe duplication cost; LC t;p = lining cost; NP t;p = new pipe cost; LkC t;p = cost of lost water to leakage; BC t;p = break repair cost; and EC t = cost of electricity to pump water. The optimization is also subject to an annual budget constraint such that annual expenditures cannot exceed an annual budget ceiling AB t for year t in the planning period. Because the cost of lost water to leakage is not typically a budget line item for municipalities, it has been eliminated from the annual costs in the budget constraint (3)
The usual nodal continuity and loop energy conservation constraints are satisfied externally with the network solver EPANET2 (Rossman 2000) . The optimization is also subject to minimum pressure and fluid velocity constraints under peak demands. The decision variables are the time, the type, and the place of rehabilitation decisions. Possible types of rehabilitation interventions include the diameter of a pipe being replaced, the diameter of a pipe being duplicated, the diameter of a new pipe in an area slated for future growth, and the type of lining technology used. The same decisions apply to duplicate pipes.
Event-Based Rehabilitation: New Approach to Gene Coding
To simulate a sequence of rehabilitation events for a single pipe in the water main rehabilitation timing problem, the traditional approach is to use one gene to represent each year of the planning horizon. For instance, 20 genes are required to simulate a rehabilitation event in each year of a 20-year planning period in a single pipe. If pipe duplication is also included in the optimization, the number of genes must be doubled to simulate the rehabilitation events linked to the duplicate pipe. In practice, most genes have a zero value in the optimal solution because no rehabilitation activities take place in most years. For example, after replacing an existing pipe with a new pipe, there is typically no need to replace or rehabilitate the pipe for at least another 20-30 years, and thus all the genes that represent the intervening 20-30 years are set to zero. This dramatically increases the computing and memory requirements for solving the water main rehabilitation timing problem. Moreover, based on schema theorem (Holland 1992) , having these zero-valued (dormant) genes can greatly decrease the speed of convergence to the optimal solution(s). This is because of the fact that the zero-valued genes increase the number of decision variables and hence the search space unnecessarily.
The new gene coding scheme adopted in this paper is indicated in Fig. 1 . The chromosome structure in Fig. 1 applies to a single pipe, henceforth called the main pipe, and an adjacent duplicate pipe over a fixed planning horizon. A variable called maximum number of events (MNE) represents the maximum number of rehabilitation events expected over the planning period for the main pipe and its duplicate pipe. Considering a lag time of 15-20 years between rehabilitation interventions and a planning horizon of 20 years, typical MNE values could range between 1 and 2. In other words, a pipe and its duplicate could be rehabilitated 1-2 times over a 20-year planning horizon.
In Fig. 1 , each rehabilitation event applied to the main pipe and its duplicate (if needed) is described with four gene identifiers. The first gene identifier, event time (main pipe), denotes the timing of the rehabilitation event applied to the main pipe. The second gene identifier, main pipe event type, denotes the type of rehabilitation applied to the main pipe. The third gene identifier, event time (duplicate pipe), denotes the timing of rehabilitation applied to the duplicate pipe. The fourth gene identifier, duplicate pipe event type, denotes the type of rehabilitation applied to the duplicate pipe. For example, in Fig. 1 , the first rehabilitation event (event 1) has four gene identifiers. The first gene identifier 9 means that the main pipe is replaced in year 9 of the planning horizon. The second gene identifier 3 means that the main pipe will be replaced with a new pipe with a new 250 mm diameter. The third and fourth gene identifiers 0 and 0 mean that in year 0, no duplicate pipe is installed (do nothing-0). In Fig. 1 , for an MNE of two events over a 20-year planning horizon, the new gene coding approach of this paper produces a chromosome with eight genes. By comparison, the traditional gene coding of previous models (Dandy and Engelhardt 2006; Nafi and Kleiner 2010; Kleiner and Nafi 2011) would require 40 genes (one gene for the main pipe and one for the duplicate pipe in each year of the 20-year planning horizon). The new approach of this paper can thus reduce the chromosome length by 80% and therefore save a significant amount of computer memory and increase the speed of convergence.
Asset Management Strategies
Budget limitations often force utility decision makers to employ rehabilitation strategies that will allow them to manage their assets in the most cost-effective way. Synchronizing several municipal maintenance projects (e.g., roadwork with pipe replacement and rehabilitation) and aggregating rehabilitation projects together to get a discounted price on materials and labor are two common approaches used to cut costs (Nafi and Kleiner 2010 ). The new model accounts for savings achieved through synchronizing road reconstruction work with water main replacement and/or rehabilitation (henceforth called the infrastructure adjacency discount) and discounts achieved on the purchase of large quantities of water main pipe (henceforth called the quantity discount). The infrastructure adjacency and quantity discounts are as in Eq. (4)
where DAC p = discounted rehabilitation cost for pipe p. The actual pipe rehabilitation cost AC p in Eq. (4) is reduced by the infrastructure adjacency discount, Adj D p , and the quantity discount, Con D p . Prior to the optimization, the user is required to input the location and time of planned road reconstruction projects in the model. The optimization model then applies the infrastructure adjacency discount Adj D p to all water main rehabilitation activities if they are carried out in the same year and in the same location of a planned road construction or reconstruction project. Similarly, the user is required to input the pipe quantity discount levels in the model prior to optimization. With this information, the optimization model applies the quantity discount Con D p to pipes that are connected together and slated for rehabilitation (replaced, duplicated, and new pipes installed) in the same year (Nafi and Kleiner 2010) . The quantity discount is calculated from the schedule in Eq. (5)
where l t = total pipe length to be replaced or rehabilitated; Con D max = maximum value of the quantity discount; and l min , l max = minimum and maximum pipe length quantities that determine the minimum and maximum quantity discounts, as defined by the supplier (contractor). In Eq. (5), if the length of pipe to be rehabilitated is less than l min , the quantity discount is zero. If the length of pipe to be rehabilitated is more than l max , then the quantity discount is set to its maximum level. If the rehabilitation Fig. 1 . Encoded genes in a chromosome for a single pipe and its duplicate length falls between l min and l max , the quantity discount will be between 0 and Con D max .
Model Implementation
The nondominated sorting genetic algorithm (NSGA-II) was combined with the hydraulic solver EPANET2 (Rossman 2000) , a pipe roughness growth model, a pipe leakage model, and a pipe break forecasting model to solve the water main rehabilitation timing problem. Fig. 2 indicates a flowchart of the OptiNET pipe rehabilitation optimization model, which makes use of parallel computing to decrease computational time. In Fig. 2 , an initial random population of solutions is generated. The population of solutions is communicated to the hydraulic model, pipe roughness growth, leakage, and pipe break models for hydraulic and economic evaluation. In each year of the planning horizon, the new pipe replacement and rehabilitation activities are applied to the layout of the network. Based on the location and quantity of these new and rehabilitated pipes relative to other public works infrastructure (e.g., roads and other utilities), quantity and infrastructure adjacency discounts in Eqs. (4) and (5) are calculated. Pipe roughness and pipe leakage are updated with the pipe roughness growth and pipe leakage models (discussed subsequently) specified by the user. The EPANET2 solver is then run to evaluate the hydraulic performance of the network for the new pipe layout, and the pipe roughness and pipe leakage conditions are applied. The break repair cost is estimated for the current year with a break forecasting model specified by the user. The objective functions (1)- (2) are updated and penalty errors are calculated for the current year. The hydraulic and economic evaluations are repeated in this manner for all n years of the planning period. The objective functions and penalty errors computed over n years of the planning period for all solutions in the population are then used by the NSGA-II to perform crossover, mutation, and selection operations to select the next population of solutions. Successive populations are generated and evaluated until a stopping criterion is satisfied. Because a finite population size and a finite number of generations are used in the analysis, the NSGA-II generates Pareto fronts that are near optimal.
Fairfield Water Distribution Network
The regional municipality of Loyalist Township is responsible for the operation and management of the Fairfield distribution network that provides water to the Towns of Amherstview and Odessa. Loyalist Township comprises the Towns of Amherstview and Odessa, which have a combined population of approximately 15,000 people. The Fairfield distribution network is comprised of 54 km of water mains. The first cast iron (CI) water mains were installed in the 1950s in the eastern part of the Fairfield system. Mortar-lined ductile iron (DI) and PVC water mains were first installed in the 1960s and 1970s in the central and western parts of the system. The Fairfield network also has asbestos (AC) water mains that were installed in the eastern and southern parts of the system in the late 1960s and early 1970s. The portion of the Fairfield network that serves the town of Odessa comprises only PVC water mains that date back to the 1970s. Fig. 3 indicates the all-pipes model of the system with 405 pipe elements, and Table 1 indicates the material and age distribution of the pipes in the Fairfield network.
Fig. 2. Flowchart of OptiNET optimization model
The average day demand in the Fairfield network is 32 L=s. The water demand at the end of the 20-year planning horizon was projected with annual growth rates reported in Table 2 and provided by Loyalist Township ( CH2M Hill 2007) . The projected 20-year growth and average day water demands in Table 2 are based on demographic and development projections reported in CH2M Hill (2007) , including (1) the development of 152 ha of industrial land and an ethanol plant with a 400 million L=year production in the western part of the town of Amherstview in the first 10-year period of the planning horizon (Fig. 3) ; and (2) new residential, commercial, and industrial growth in the western and northeastern part of Amherstview and residential growth in the town of Odessa in the second 10-year period of the planning horizon (Fig. 3) . The developed areas in Amherstview (Fig. 3 ) will see no demand growth over the 20-year planning horizon.
The PVC pipes were used to replace deteriorated pipes, or to duplicate them as specified by Loyalist Township. The unit price of PVC pipes was obtained from a Canadian pipe distributor and is indicated in Table 3 . Pipe cleaning and cement-mortar lining costs were estimated by inflating costs from Walski (1986) to 2010 dollars. Detailed cost calculations can be found in Roshani et al. (2012) . Loyalist Township has an annual budget of $850,000= year for capital and operational expenditures (Thompson, personal communication, 2011) . The annual budget was held fixed over the 20-year period. This is a conservative assumption given that the annual budget would increase with a corresponding increase in demands and revenues over the same period. An interest rate of 8% [Treasury Board of Canada Secretariat (TBS) 2007] was used to calculate the net present value of capital infrastructure, and operational costs in Eqs. (1) and (2) incurred at different times within the 20-year planning period. The hydraulic performance (maximum velocity and minimum pressure limit) of the Fairfield network was evaluated under average day and peak demands. The maximum velocity constraint was evaluated under maximum hour and maximum day + fire demand for each year of the 20-year rehabilitation planning period. Average day demand was modeled as an extended period simulation (EPS) for 24 h with an average day diurnal pattern found in Roshani et al. (2012) . The average day demand EPS was performed for each year of the planning period. Maximum hour demand simulations were performed at years 0, 10, and 20 of the planning period, with a peaking factor of 2.0. Maximum day + fire simulations were performed at two critical nodes (J-514 and J-551 in Fig. 3 ) at years 0, 10, and 20, with a peaking factor of 1.5 and a needed fire flow of 33 L=s in accordance with Fire Underwriters Survey (FUS) guidelines (FUS 1999) . To identify the critical nodes, an all-pipes model of the Fairfield system was used to simulate fire flow at all node locations prior to the optimization. Nodes J-514 and J-551 were deemed critical because they generated the highest cumulative pressure deficit [defined as the summation of (140 kPa min-residual pressure) over all network nodes] in the network. Although this approach does not perfectly characterize the fire risk in the network, it makes it possible to consider fire flow without making the rehabilitation problem too computationally cumbersome. The hydraulic conditions of each solution was evaluated on the basis of 20 24-h extended period simulations, three maximum hour demand simulations, and six maximum day demand + fire simulations.
Pipe Leakage Model
A number of models have been proposed in the literature to forecast leakage in deteriorated pipes. Among these models, the approach by Germanopoulos (1985) later adapted by Alvisi and Franchini (2009) was used in this study to forecast water loss in the Fairfield network. This approach was selected for its simplicity and its accuracy in estimating lost water and for its parsimonious data requirements. The approach assumes that the leak area (percent of the pipe wall surface area) increases over time as a function of pipe age, and that it follows an exponential trend as in Eq. (6)
where Ω = percent of open surface area in a pipe; d p = pipe diameter; l p = pipe length; υ and β = two exponential components; and t = pipe age (year). Although υ and β may vary with pipe diameter and material and even the type of pipe installation (Martinez et al. 1999) , they have been assumed to be the same for all pipe elements in the Fairfield system because there is no data available for these variables. Both these variables are subject to a sensitivity analysis, presented subsequently. Both of these variables were calibrated based on water loss measurements provided by Loyalist Township. The calibration was performed for the period 1998-2003 in which no rehabilitation activities (pipe replacement and lining) were reported. The calibrated leak model parameters were found to be υ ¼ 4 × 10 −7 and β ¼ 0.13 for the Fairfield network. Although the calculated β value is high, it is not unreasonable given that the Fairfield system is located in southeastern Ontario. This region experiences below-freezing air temperatures for approximately 5-6 months per calendar year (on average), and pipes are subject to differential ground movement caused by freeze-thaw cycles. The value of lost water to leakage was set to $0.66=m 3 , which is the price that Loyalist Township charges its customers for water service. Although this leakage value is high, it reflects the variable cost of lost water and does not include capital and debt servicing costs.
Break Model
A total of 94 pipe break incidents were reported by Loyalist Township in the period 1982-2011. In the break data set, there were instances in which individual pipes had one or more breaks and other pipes had no recorded breaks. A geographic information system (GIS) was used to ascertain the pipe age at the time of a break. Break events were categorized based on the pipe age and material, and the break frequency per unit length was calculated for each pipe material. The break data was aggregated for each pipe material, and model coefficients were calculated from this aggregated data. The distribution of breaks by pipe material is indicated in Table 4 . The time-exponential break model of Shamir and Howard (1979) was used to project the number of breaks in each pipe. The Shamir and Howard (1979) forecasting model was used in this paper because it is practical and has been used extensively in the past to generate reasonable forecasting results (Kleiner and Rajani 1999; Mailhot et al. 2003) . This model assumes that the number of breaks will increase exponentially with pipe age, as in Eq. (7) Nbr ¼ α 0 e βt ð7Þ
where Nbr = future break rate; α 0 = initial break rate (break=year=km); β = break growth rate (year −1 ); and t = time (year). The values of α 0 and β were calculated for CI and DI pipe materials based on the records provided by Loyalist Township. Break records for asbestos cement (AC) and PVC pipes were scarce, so values near the lower limit of the proposed range in the literature were assumed for α 0 and β in AC and PVC pipes (Shamir and Howard 1979; Walski and Pelliccia 1982; Kleiner and Rajani 1999; Mailhot et al. 2003) . Table 4 indicates the calibrated and assumed values for the pipe break exponential models applied to the Fairfield system. Although the α 0 and β values for CI and DI pipes are high, they are within the range of those found for Canadian systems and reported in Kleiner and Rajani (1999) . Break repair costs were provided by partner Loyalist Township (Thompson, personal communication, 2011) and ranged from $2,000-4,000 per break based on the pipe diameter.
Pipe Roughness Growth Model
The roughness growth model of Sharp and Walski (1988) has been used extensively in the research literature to forecast reductions in the Hazen-Williams C factor in an aging pipe. The Sharp and Walski (1988) roughness growth model is unique in the literature, so it was adopted in this study to forecast Hazen-Williams C factors in CI and DI pipes. Flow test data were used to estimate the HazenWilliams C factor values of existing water mains in the network (CH2M Hill 2007) . Average C factor values of 55 for CI, 120 for concrete, 120 for DI, and 150 for PVC pipes were found. Given the inability of the Sharp and Walski (1988) model to forecast roughness growth in PVC and AC pipes, the C factors for these 
Asset Management Scenarios and Results
Four scenarios were defined to investigate the impact of different water main asset management strategies on capital and operational costs in the Fairfield network. The term water main asset refers to the combined length of one or more pipes connected together and located between two street intersections. In scenario 1 (Scn. 1), both infrastructure adjacency and quantity discounts were applied in conjunction with the annual budget constraint. In scenario 2 (Scn. 2), the discounts were applied while the annual budget constraint was not applied. In scenario 3 (Scn. 3), the adjacency and quantity discounts and the annual budget constraint were not applied. In scenario 4 (Scn. 4), the infrastructure adjacency and quantity discounts were not applied, whereas the budget constraint was applied.
Pareto Fronts of Scenarios 1-4
The Pareto fronts generated in the four scenarios are indicated in Fig. 4 . This figure indicates that the scenario 2 front (discounts applied, budget constraint not applied) has the lowest capital cost and operational costs, whereas the scenario 4 front (discounts not applied, budget constraint applied) has the highest costs. The application of the budget constraint and the adjacency and quantity discounts largely accounts for the difference in cost between these two fronts. Scenario 2 has low capital costs because it benefits from adjacency and quantity discounts, whereas scenario 4 has higher capital costs because no such discounts are available. The removal of the budget constraint in scenario 2 allows the optimization engine to make up-front capital investments to replace and rehabilitate the large stock of deteriorated CI water mains in the Fairfield system (see Table 1 ). This up-front capital investment at the beginning of the planning period is not capped by the budget constraint and allows the municipality to lower operational costs in the system in subsequent years, mostly from reduced leakage and reduced energy use for pumping. Conversely, applying the budget constraint in scenario 4 limits the up-front capital investments to the available annual funds (as set by the budget). The rehabilitation of the deteriorated stock of CI pipes must be deferred to subsequent years, which increases operational costs from leakage loss and pumping. The capital and operational costs of solutions located at opposite ends of the Pareto fronts in Fig. 4 were examined and compared. In Fig. 4 , select solutions in distinct regions of each Pareto front are indicated with a circle. These solutions are the minimum capital cost solutions (left side of fronts), the minimum operational cost solutions (right side of fronts), and the minimum total cost solutions (at or near the elbow of the fronts). In Table 5 , the minimum capital cost solution is identified with the hyphenated identifier −1 (e.g., Scn. 1-1), the minimum operational cost solution is identified with −2 (e.g., Scn. 1-2), and the minimum total cost solution is identified with −3 (e.g., Scn. 1-3). Table 5 indicates that minimum capital cost solutions (−1) have higher average annual operational costs (break repair, leakage, and energy) than minimum operational cost solutions (−2). This is owing to the fact that in minimum capital cost solutions (−1), the search process makes minimal capital investments to replace and rehabilitate the deteriorated CI pipe stock in the Fairfield network to keep the capital costs low. As a result, the unimproved CI pipe stock breaks frequently, has a high leakage level, and induces high frictional losses in the system, which account for the high annual operational costs. By contrast, in minimum operational cost solutions (−2), continuous investments in rehabilitation are made throughout the planning period to keep operational costs low. Fig. 4 . Pareto fronts generated in asset management scenarios 1-4 a $M = millions of dollars. b Scenario 1-1 denotes the minimum capital cost solution on the scenario 1 front (from Fig. 4 ). c Scenario 1-2 denotes the minimum operational cost solution on the scenario 1 front (from Fig. 4) . d Scenario 1-3 denotes the minimum total cost solution on the scenario 1 front (from Fig. 4) .
Impact of the Budget Constraint and Discounts on Capital and Operational Costs
The influence of the budget constraint on average annual costs (breaks, leaks, and energy) in the four scenarios was examined. Scenario 1, in which the budget constraint is imposed, was compared to scenario 2, in which it is not (both scenarios include adjacency and quantity discounts). The results in Table 5 suggest that average annual costs of break repair, energy, and leakage are higher in scenario 1 than in scenario 2 for minimum capital cost solutions (−1), minimum operational cost solutions (−2), and minimum total cost solutions (−3). Similar results are found by comparing scenario 4 (budget constraint applied) to scenario 3 (no budget constraint applied) in Table 5 . Removing the budget constraint allows the search process to make up-front capital investments to replace and rehabilitate the large stock of deteriorated CI water mains in the Fairfield system. This up-front capital investment at the beginning of the planning period allows the municipality to lower operational costs in the system in subsequent years, mostly from reduced leakage and reduced energy use for pumping.
The influence of the adjacency and quantity discounts on average annual costs (break, leaks, and energy) and on present value capital costs and operational costs was also examined. By comparing minimum total cost solutions (−3) in Table 5 , the adjacency and quantity discounts of scenarios 1 and 2 produce lower present value capital costs and operational costs than scenarios 3 and 4, in which no discounts are applied. This is because of the fact that applying the quantity and adjacency discounts in scenarios 1 and 2 reduces the present value capital costs of rehabilitation relative to scenarios 3 and 4, and part of these savings are applied to the replacement and rehabilitation of additional pipes. For example, the total length of pipes replaced in the minimum total cost solution of scenario 1 (Scn. 1-3) is 43,593 m, whereas the replaced length in the minimum total cost solution of scenario 4 (Scn. 4-3) is 41,735 m. The added replacement activities further decreases operational costs associated with water loss, energy use, and break repair in scenarios 1 and 2.
Impact of Budget Constraint and Discounts on the Occurrence of Rehabilitation Events
The impact of the budget constraint and discounts on the length and age of rehabilitated pipes was examined. Table 6 indicates the length and average age of pipes replaced, duplicated, and lined in the minimum total cost solutions (−3) for the four asset management scenarios. The table indicates that the four asset management scenarios produce average interevent rehabilitation times that range from 27.0-34.5 years. These interevent rehabilitation times are short compared to the typical rehabilitation interevent times of 70-100 years found in many North American systems. The short interevent rehabilitation times found in this study reflect the ideal case in which water mains are rehabilitated or replaced to minimize the financial impact of leakage and pipe breaks. In the typical case, water utilities defer pipe replacement and pipe rehabilitation for sundry reasons such as limited funds for capital projects, a justified reluctance to disrupt local businesses with open-cut replacement of pipes, and the required coordination of road reconstruction projects with the replacement of water mains and other services. Table 6 indicates that when the budget constraint is applied, the length of pipe replaced decreases by 2,915-7,312 m, the length of pipe duplicated decreases by 349-691 m, and the length of pipe lined decreases by 1,415-1,422 m. This is owing to the fact that the budget constraint limits the funds available and the amount of pipe that can be rehabilitated in any given year. Table 6 suggests that applying the budget constraint increases the average replacement age by 1.2-1.6 years, the average duplication age by 0.4-2.5 years, and the average lining age by 2.2-7.5 years. This result suggests that the budget constraint prohibits the search process from investing early and heavily in pipe rehabilitation, and that this deferment lengthens the age at which deteriorated pipes are replaced, duplicated, and lined.
The application of discounts decreased the replacement and duplication activities and increased pipe lining activities in the system. Table 6 indicates that applying the discounts decreased the replacement length by 4,062 m (moving from scenario 3 and 2) and slightly increased it by 335 m (moving from scenario 4 to 1). Denotes the percent of mains that benefit from the adjacency of infrastructure discount. This statistic is calculated as (length of mains that benefit from adjacency of infrastructure discount)/(total length of main rehabilitated). b Denotes the percent of mains that benefit from the quantity discount. This statistic is calculated as (length of mains that benefit from quantity discount)/(total length of main rehabilitated). c The −3 identifier denotes the minimum total cost solution. d Footnoted cells denote the percent of mains that could hypothetically have benefited from asset management strategies had discounts been applied.
Further, applying discounts decreased the duplication length by 121-463 m, and led to a 2,042-2,049 m increase in pipe lining. This is owing to the fact that the search process chose to invest the savings achieved with the discounts to increase the length of pipe lined-a less expensive option than pipe replacement and pipe duplication. Further, applying the discounts tended to decrease the pipe age at replacement by 0.3-0.7 years, to decrease the pipe age at duplication by 1.5-3.6 years, and to decrease pipe age at lining by 3.3 years (the lining age increases by 2 years when moving from scenario 3 to 2). Not surprisingly, Table 6 also indicates that including discounts increases the percent of rehabilitated pipes that benefit from these discounts. Because discounts were not applied in scenarios 3 and 4, the percent of pipes that benefit from discounts (indicated in footnote d in Table 6 ) is a theoretical number that represents the percent of pipes that would have benefited had discounts been included in these two scenarios.
Impact of Budget Constraint on the Annual Costs
The impact of the budget constraint on the time variation of annual costs (leaks, breaks, and energy) was examined. Fig. 5 indicates the time variation of annual costs for the minimum total cost solutions (−3) in scenarios 1-4. The budget constraint of $850,000 is also indicated in this figure. Fig. 5 shows that in scenarios 2 and 3 (budget constraint not applied), the annual cost is allowed to exceed the $850,000 limit in year 1 and in years 19 and 20. Fig. 5 also indicates that these two scenarios have among the lowest annual costs in the middle period (years 8-15) of the planning horizon. Conversely, in scenarios 1 and 4 (budget constraint applied), annual costs never exceed the $850,000 limit and are consistently higher than those of scenarios 2 and 3 in the middle period. Removing the budget constraint allows for up-front replacement and rehabilitation of deteriorated pipe, which has the effect of reducing annual costs later in the planning period. The impact of the budget constraint on the time variation of annual leak volumes was also examined. Fig. 6 indicates the time variation of annual leak volume for the minimum total cost solution in scenarios 1-4. Fig. 6 suggests that the annual leak volume is higher in scenarios 1 and 4 (in which the budget constraint was applied) than in scenarios 2 and 3 (in which the budget constraint was not applied). This is explained by the fact that removing the budget constraint allows the optimization engine to make upfront investments in pipe replacement and rehabilitation above and beyond the $850,000 ceiling at the beginning of the planning period to reduce leakage later in the planning period. Similarly, an analysis of the time variation of breaks suggests that removing the budget constraint allows the search process to make up-front investments in pipe replacement and rehabilitation that lower pipe breaks and repair costs for the duration of the planning period.
The impact of the budget constraint on the time variation of annual energy costs was also examined. The results suggest that applying the budget constraint did not create any significant differences in annual energy costs across the four scenarios. The similarity in energy use and energy costs across the scenarios is owing to the fact that the majority of pumping energy is used to lift water over the height of 49 m to the elevated tank T-1 in the Fairfield network in Fig. 3 .
A high-performance computing facility with 120 cores was used to perform model runs for each scenario. Each model run had an average run time of 12 days. 
Sensitivity Analysis
A sensitivity analysis was performed to examine the sensitivity of the capital and operational costs to uncertainties in forecasted water demand, initial break rate, break growth rate, initial leak rate, leak growth rate, and the Hazen-Williams C factor. Some of these uncertainties are inherited from the roughness growth, leakage, and break prediction models used in the optimization model. The main result from this sensitivity analysis suggests that water demand, leakage growth rate, and break growth rate can have a moderate to significant impact on capital and operational costs. Specifically, a 15% increase in water demand produces a 15.4% increase in present value capital cost and a 7.4% increase in operational cost. A 15% increase in leak growth rate produces a 15.4% in present value capital cost and a 100% increase in present value operational cost. Further, a 15% increase in break growth rate produces a 2.6% increase in present value capital cost and a 14.8% increase in present value operational cost. Generally, to meet higher demand, leakage, and break levels, the search process selects solutions with more installed hydraulic capacity by replacing pipes, duplicating pipes, and installing new pipes in growth areas to reduce costs linked to breaks, leakage, and energy use.
Summary and Conclusions
The paper has presented a new event-based approach to optimize the timing of water main rehabilitation and replacement in water distribution networks. The approach was applied to the Fairfield water network to examine the impact of asset management strategies (applying a budget constraint and discounts) on the capital and operational costs of rehabilitation solutions. The results suggest that applying a budget constraint prohibited the search process from investing early and heavily in pipe rehabilitation; the resulting postponement of pipe rehabilitation increased operational costs linked to leakage, breaks, and energy use in unimproved pipes. The results also suggested that applying discounts decreased capital and operational costs and favored pipe lining over pipe replacement and duplication. A sensitivity analysis showed that water demand, leakage growth rate, and break growth rate can have a moderate to significant impact on capital and operational costs.
